1 - 10 Kleinknecht and Meier first used thi.s technique to monitor linewidth and depth changes during wet and dry etching of Si0 2 and Si 3 N 4 structures on Si.
1 They showed that monitoring the first several diffraction orders from grating test patterns could be used for end-point detection. Grimard et a!. showed that diffraction from isolated structures could be used to distinguish between relatively large ( 20 X 20 .um) rectangular and trapezoidal structures. 8 Giapis et a/. measured the scattered light intensity from large pitch grating test patterns and showed how this correlated with sidewall angle, etched depth, and surface composition. 9 Naqvi et al. have developed a theoretical formalism that enables prediction of linewidths on photomasks by measuring the diffracted light intensity in transmission. 10 In each of these cases, the structures examined were etched.
The basis for latent image monitoring, on the other hand, is the phase shift resulting simply from a difference in optical properties (index of refraction or absorption coefficient) between exposed and unexposed areas of the resist. II-! 4 Hickman et a!. used diffraction of a HeNe laser beam from latent grating images to detect linewidth changes with exposure; they correlated diffraction from latent images with microstructure after development using SEM and simulated latent image diffraction using coupled wave analysis.
• 13 •
14 Light scattering from latent images has also been used to characterize photolithographic exposure tools and conditions.
• 12
The depth-of-focus, astigmatism, coma, and tilt of various tools can be determined from the intensity of light scattered from microstructure into a small solid angle. In this work, we apply latent image monitoring to the fabrication of submicron diffraction gratings made by coherent holographic lithography.
For any of these light scattering techniques, the ultimate sensitivity to small changes in linewidth, line profile, etched depth, etc. will be determined by the wavelength of the light used and the solid angle over which the light is detected. For example, consider the following scattering from a latent image diffraction grating:
where es and ei are the scattered and incident angles, respectively, m is the diffraction order, A, is the wavelength of the light, and d is the grating period. From the relative intensities of the diffracted orders, the linewidth, line profile, and feature depth can be determined.
• 13 •
14 However, from Eq. ( 1 ) we see that the number of diffracted orders is determined by the ratio of the grating pitch to the wavelength of the light; therefore, the precision with which microstructural properties can be determined is limited by the number of diffracted orders that can be detected. The shorter the wavelength, the larger the number of orders. Depending on the wavelength dependence of the optical properties of exposed and unexposed resist as well as un- dedying materials, shorter wavelength light may also be needed to obtain adequate sensitivity.
Unfortunately, shorter wavelength light is also absorbed more strongly by photoresists. To use shorter wavelengths and not alter the latent image, the probing radiation dose must be sufficiently low. For example, if we require an exposure dose of 0.01 J/cm 2 , then a probe dose of no more than w-·S J/cm 2 would provide adequate assurance that the probe is nonpertu:rbative. Such energy densities are easily obtained in the ultraviolet by frequency doubling pulsed lasers. With fast pulse probing, gated detection can be used to discriminate against room light, photoresist fluorescence, and dark current The monochromatic and low divergence properties of laser light are also useful for reducing room light and fluorescence interference.
In this work, we used a pulsed N 2 laser to pump a frequency-doubled, tunable dye laser, and monitor latent image diffraction from 0.24 Jl.ID pitch gratings in photoresist used in the fabrication of distributed feedback (DFB) lasers. 1 
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The laser is attenuated so that no more than -10 nJ/cm 2 per pulse at 260 nm are used to scatter from the latent image. Although -98% of the laser light is absorbed at this wavelength, this intensity is sufficiently small to avoid distortion of latent images and yet large enough to provide good signal to noise ratio in detecting the first order and specular peaks. In this case diffraction may result not only from differences in index of refraction between exposed and unexposed regions but also from differences in absorption.
Incident, specular, and first order diffracted beams are detected using solar blind photomultiplier tubes, PMTs (Hamamatsu R431S) (Fig. 1) . Color glass bandpass (248-390 nm, Oriel no. 59800) filters are also used to help discriminate against room light and photoresist fluorescence. The incident and specular beams are further attenuated by 100 times to avoid PMT saturation.
Holographic gratings are fabricated by interfering two beams from a single-transverse-mode, multilongitudinalmode 325 nm cw HeCd laser in 40 nm Shipley PR 1400-3 photoresist on InP substrates. 16 Exposures take typically 50s for a total dose of -8 mJ/cm tainer to another laboratory where the pulsed laser diffraction experiments are performed. Wafers are mounted vertically onto a vacuum chuck after the system has been prealigned using etched gratings. The wafer is exposed briefly to the laser beam to optimize the signal and then translated without affecting the alignment to measure diffraction efficiency at different locations on the wafer surface. The laser spot size on the wafer is approximately 0.5 em X 1.0 em but could be made much smaller by using a lens to focus the beam. The laser beam is shuttered such that each spot is only exposed to 10 pulses for a dose of ;:5 w·-? J/cm 2 , which is much less than would be needed to alter the latent image. Even after a continuous 13 min exposure at 20 Hz for a dose of -lO -4 J/cm 2 , the diffraction efficiency does not change indicating that the latent image has not been perturbed. By tuning the laser to even shorter wavelengths, < 0.24 JLID, a second order diffraction peak could be detected to gain further infom1ation on latent image properties without risking latent image distortion.
After the latent image diffraction measurements are made, the photoresist is developed and diffraction efficiency is again recorded. To transfer the grating into the InP substrate, wafers are reactively ion etched to a depth of 80 nm using a CH 4 /H 2 plasma. 17 The photoresist is then stripped and the diffraction efficiency measured a third time. Finally, wafers are inspected using a SEM.
Correlations between diffraction efficiencies from latent image, developed grating, and etched grating are shown in tional dependence for each of the gratings-latent, developed, and etched. For example, when the latent image grating diffraction efficiency is a maximum, the diffraction efficiency of the developed and etched gratings could be either before or past their corresponding maxima. Thus, the correlations will generally be double-valued but must always pass through the (0,0) point; the curves shown in Fig. 2 are intended to only help guide the eye. In any case, latent image diffraction intensity is an accurate predictor of both developed and etched grating diffraction efficiency.
The "error" bars shown in Fig. 2 represent real variations in diffraction efficiency with position on the wafer. Such variation could result from the short coherence length of the exposing laser radiation, variation in laser intensity, standing waves in the resist, scattered radiation, etc. The inherent reproducibility in the measurements at a given location is comparable to the size of the open circles used to represent the average efficiency data.
Each of the gratings shown in Fig. 3 received nominally the same dose and were developed for nominally the same time. Clearly, the run-to-run reproducibility is not very good. For three reasons we believe this variability stems from poor process control during exposure: ( 1 ) both developed and etched grating efficiencies show similar correlations with latent image diffraction efficiency (Fig. 2) ; (2) the HeCd laser used for exposure here was known to have mode instability problems; and, ( 3) since this work began, the laser has been replaced with another having superior amplitude and mode stability and the run-to-run reproducibility has been improved.
Regardless of the run-to-run reproducibility, the SEMs in Fig. 3 show that gratings with different diffraction efficiency exhibit different microstructure. The diffraction efficiencies of. the gratings dearly correlate with duty cycle, i.e., the ratio of linewidth to grating pitch, but line edge roughness, or edge acuity, may also play a role. Poor edge acuity can result in diffuse scattered light intensity that is "stolen" from the coherently diffracted beam.
These results illustrate the power of latent image monitoring in isolating process steps that are not adequately controlled. At the very least, latent image monitoring can be used to signal catastrophic failure during the exposure. The next step will be to implement the method in real time and to exert dosed-loop control on the exposure process.
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